Abstract: As a large number of energy was taken away by the high temperature furnace gas during the EAF smelting process, a huge economic and environmental benefits would obtained to recycle and utilize. In this paper, the energy of the EAF was analyzed theoretically with the hot metal ratio of 50%. Combined with the utilization of the gas waste heat during the scrap preheating, electricity generation, production of steam and production of coal gas processes, the effect of the energy saving and emission was calculated with comprehensive utilization of the high temperature furnace gas. An optimal scheme for utilization of the waste heat was proposed based on the calculation. The results show that the best way for energy saving and carbon reduction is the production of coal gas, while the optimal scheme for waste heat utilization is combined the production of coal gas with the scrap preheating, which will save 170 kWh/t of energy and decrease 57.88 kg/t of carbon emission. As hot metal ratio in EAF steelmaking is often more than 50%, which will produce more EAF gas waste heat, optimizing EAF gas waste heat utilization will have more obvious effect on energy saving and emission reduction.
Introduction
With global warming becoming increasingly serious, governments and industries have attached greater importance to the reduction of greenhouse gas emissions. Modern iron and steel plants focus on "2 high and 2 low" in the production process, that is, high-efficiency process, high value of steel, low emissions of CO 2 , low dependence on fossil fuels [1, 2] . There are many works to study on energy saving and CO 2 emissions reduction for steel mills.
Metallurgical workers have already made a mass of work in the optimization of oxygen and electric supply, improvement of EAF composition control to save energy and reduce CO 2 emissions during EAF steelmaking process. Nowadays, with changes in the structure of material in the electric arc furnace, the EAF waste heat increases and EAF waste heat utilization has become the main research object of EAF energy saving and emission reduction [3] [4] [5] [6] [7] .
The most common hot metal ratio is 30-60% during the EAF steelmaking process for the serious shortage of scrap in our country. With the increase of hot metal ratio and the application of carbon oxygen lance, the furnace gas in EAF increased dramatically. A lot of energy, about 15% of the total EAF energy and sometimes as high as 30% or above, was taken away by the high temperature furnace gas, which has great potential for energy conservation and emissions reduction. Therefore, effective utilization of the EAF high temperature furnace gas will produce great economic and environmental benefits [8] [9] [10] [11] . The article focuses on the current situation of EAF gas waste heat utilization, so as to find a reasonable way to make full use of the EAF gas waste heat.
Analysis of the energy condition in EAF
Cold scrap is the main raw material of traditional EAF steelmaking. However, more and more hot metal is used during the EAF steelmaking process in recent years. With the increase of hot metal ratio and oxygen supply intensity as well as the application of carbon oxygen lance, the smelting intensity is increased significantly, and the structure of EAF steelmaking changes as well.
(1) The smelting efficiency is improved obviously, as the supply of physical and chemical heat is greatly increased to reduce the electric energy supply in EAF steelmaking. (2) The increase of hot metal results in the increase of the furnace gas, the physical and chemical heat taken away by the gas increases as well.
In this paper, the energy balance in the EAF is analyzed with the hot metal ratio of 50%, the utilization of furnace gas waste heat and the effect of energy saving and CO 2 emissions reduction was analyzed. The following analysis of the energy budget is on the basis of tons of steel.
The items of energy input in EAF
The input energy in EAF includes physical heat of the hot metal, chemical reaction heat, electric energy and potential chemical heat.
The solid specific heat of pig iron and liquid specific heat of hot metal is 0.745 kJ/kg°C and 0.837 KJ/kg°C, respectively, the latent heat of fusion of the hot metal is 218 kJ/kg. Then the physical heat of 550 kg hot metal is calculated, that is 181 kWh. About 170 kWh in average is supplied by the electric energy during the EAF melting.
Vast potential chemical heat is contained in CO, the incomplete combustion product, which is up to 134 kWh. Reaction heat in the EAF, the average of which is 253 kWh, mainly includes chemical heat released by oxidation of the metal and combustion of other auxiliary fuel.
The items of energy output in EAF
The output energy in EAF consists of chemical and physical heat of the furnace gas, physical heat of the slag, physical heat of the molten steel, heat taken away by the cooling water and so on.
Chemical heat of the furnace gas is the energy contained in CO, a constituent of the incomplete combustion furnace gas after decarburization reaction, which is the same as the potential chemical heat (134 kWh).
Physical heat of the furnace gas in EAF is the energy taken away by the high temperature gas. Given the quantity (200-400 Nm 3 ), the temperature (1200°C), and the specific heat (1.137 KJ/kg°C) of the furnace gas, physical heat is obtained and the value is 140 kWh. Similarly, physical heat of the slag and molten steel is calculated, which is 43 and 397 kWh, respectively. The heat taken away by the cooling water and other output heat is about 24 kWh.
Above all, the energy budget in the EAF can be described as the schematic shown in Figure 1 . It is easy to find that all of the output energy in EAF except physical heat of the molten steel can be recycled, that is 341 kWh. The chemical and physical heat of furnace gas accounts for a major portion (274 kWh) of the wasteheat utilization.
Ways of EAF gas waste heat utilization
High temperature furnace gas contains huge physical and chemical heat that can be recycled. Actual utilization of the EAF gas waste heat is analyzed as the following.
Scrap preheating
Scrap preheating is the way that raises the temperature of steel scrap by the exchange of heat between the high temperature furnace gas and cold scrap before entering to the electric arc furnace. About 140 kWh of energy can be recycled theoretically during this process.
Statistics suggest that the temperature of the cold scrap can be heated to 400-600℃ by the high temperature furnace gas. And the electric energy will decrease 15 kWh per 100°C increment of the scrap temperature per ton steel. Thus about 75 kWh of electric energy in average will be saved per ton steel by using the high temperature furnace gas to preheat the steel scrap.
Electricity generation
Electricity generation is the way that physical heat of the furnace gas is converted to electric energy by the electricity generation device. 140 kWh of energy can be converted to electric energy in theory.
In fact, about 91 kWh of energy in average per ton steel is saved by generating the electricity in certain EAF steel plant of the country which can produce 57.60 Â 10 6 kWh of electrical energy of two electric arc furnaces with capacity of 150 tons yearly [12] .
Steam production
Steam production is the way to provide high temperature steam by exchange of the heat between high temperature furnace gas and cold water, during which the physical heat of furnace gas is recycled. Recyclable energy of steam production is 140 kWh theoretically.
334 Â 10 3 tons of saturated steam with 2.0 MPa, which is equivalent to the stream amount produced by 2365 t standard coal, can be obtained annually by recycling the high temperature furnace gas discharged from the EAF with capacity of 100 tons. Thus 24 kWh of energy can be saved per ton steel during actual EAF production process [13] .
Coal gas production
In early EAF steelmaking, steel scrap is the main raw material, coal gas is not recycled. Nowadays the raw materials of the EAF and the BOF are similar, content of CO in the gas released by EAF has increased, and the coal gas can be recycled for EAF. Recycling of coal gas is mainly to use the chemical heat of furnace gas, and 134 kWh of energy can be saved theoretically.
Discussion Energy efficiency analysis
In order to analyze energy efficiency of EAF gas waste heat utilization, theoretical assumptions are made as follows: 1. The hot metal is 550 kg, reaction heat in the EAF is 253 kWh, electric energy in average is about 170 kWh, and potential chemical heat contained in CO is 134 kWh. 2. The quantity of the furnace gas in EAF is 200-400 Nm 3 , the temperature of the furnace gas is 1200°C, physical heat of the slag and molten steel is 43 kWh and 397 kWh, respectively, and the heat taken away by the cooling water and other output heat is about 24 kWh.
In conclusion, statistics of four kinds of the EAF gas waste heat utilization as are shown in Table 1 .
According to the analysis of the above four ways of waste heat utilization in the EAF, the following conclusions can be obtained: scrap preheating and steam production can save 75 and 24 kWh/t of energy, respectively; electricity generation saves energy as 91 kWh/t, which is better than the former two for gas waste heat utilization; coal gas production saves 95 kWh/t of energy, which is the best way to recycle the gas waste heat.
Discussion of waste heat utilization
After analyzing the energy saving effect of the furnace gas waste heat utilization, different system boundaries are established to analyze the change of material and energy in the four ways of gas waste heat utilization. The processes of gas waste heat utilization are regard as the boundaries, then the high temperature furnace gas enters the boundary, the rest of the furnace gas and the products of gas waste heat utilization leave away from the boundary. System boundaries of gas waste heat utilization are shown in Figures 2-5 [14] .
Scrap preheating and coal gas production are effective ways for gas waste heat utilization. An integrated optimization way ( Figure 6 ) was proposed to improve the efficiency of recycling in this paper, which integrates scrap preheating (recycling physical heat of high temperature furnace gas) and coal gas production (recycling chemical heat of high temperature furnace gas). The optimization way can recycle 170 kWh of energy.
Discussion of carbon emissions
CO 2 as a major greenhouse gas has been attached great importance to the whole society due to the huge emissions. Steel industry as one of the heaviest carbon dioxide emitters is facing problems, such as poor energy efficiency, high pollution and carbon emissions. Therefore, the effects of CO 2 emission reduction also need to be analyzed. Carbon emission is a collective name or abbreviation of greenhouse gas emissions. CO 2 is one of the main greenhouse gases. Emission factor is the discharge of CO 2 of raw materials or products per unit mass. First, coefficient of interface between each working procedure needs to be calculated. And the total products are calculated based on the defined system boundaries. Then the total CO 2 emissions of the system are got [15] [16] [17] According to the IPCC database, carbon content of standard coal such as lignite is 25.8 kg/GJ. Carbon emission factor of standard coal is calculated as shown in eq. (3):
According to the results of energy conservation condition of furnace gas waste heat utilization in the chapter 4.2, effects of carbon emission reduction (the energy is converted to standard coal, and then the carbon emissions of standard coal are calculated) are calculated as follows: (1 
According to the above calculation, effect of energy saving and emission reduction is summarized in Table 2 . 25.54 kg/t, 30.99 kg/t, 8.17 kg/t and 32.35 kg/t of carbon emissions were reduced during the scrap preheating, electricity generation, steam production and coal gas production process, respectively.
In order to improve the utilization efficiency of the physical and chemical heat of high temperature furnace gas in EAF, integrated optimization way (integration of scrap preheat and coal gas production) for EAF waste heat utilization has been proposed, which saves 170 kWh/t of energy, and reduces 57.88 kg/t of carbon emissions.
The integrated optimization way for EAF gas waste heat utilization will save 510 Â 10 6 kWh of energy and reduce 173.6 Â 10 6 kg of carbon emissions every year in the EAF plant whose annual output amounts to 3 million tons. EAF gas waste heat utilization was analyzed as the hot metal ratio is 50% in this paper. However, hot metal Figure 6 : System boundaries of the integration scheme of EAF gas waste heat utilization. ratio in EAF steelmaking is often more than 50%, which will produce more EAF gas waste heat. And optimizing EAF gas waste heat utilization will have more obvious effect on energy saving and emission reduction.
Conclusion
(1) The chemical and physical heat of furnace gas is the major portion (274 kWh) of the waste-heat utilization in the EAF with the hot metal ratio of 50%. (2) The energy saves 75 kWh/t, 24 kWh/t, 91 kWh/t and 95 kWh/t and CO 2 emission reduces 25.54 kg/t, 30.99 kg/t, 8.17 kg/t and 32.35 kg/t during the scrap preheating, electricity generation, steam production and coal gas production process, respectively. Coal gas production is the most effective way for energy saving and emission reduction. (3) Integration of the preheating scrap and production of coal gas for EAF waste heat utilization has been proposed, which saves 170 kWh/t of energy, and reduces 57.88 kg/t of carbon emissions. (4) Optimizing EAF gas waste heat utilization will have more obvious effect on energy saving and emission reduction when the hot metal ratio is higher than 50%.
